Abstract -Topochemical [2+2] photocyclo-dimerization and -polymerization of olefinic derivative crystals are reviewed from the points of view of synthetic and structural chemistries. In 1964 Schmidt and co-workers established the topochemical concept concerning to the photoreactive olefinic crystals: the topochemical reaction tends to occur with a minimum of atomic and molecular motion. The first example of topochemical polymerization (four-center type photopolymerization) was found in 1967, where 2,5-distyrylpyrazine crystal affords highly crystalline linear polymer, repeating intermolecular [2+2] photocyclo-dimerization of two olef in bonds in a molecule with retention of crystal symmetry. Almost all of the reaction behaviors and configurations of the product are interpreted in terms of topochemical principle (reactive double0bonds are arranged in parallel with a distance within 4.2 A) while several exceptional examples have been recently reported.
INTRODUCTION
A great number of crystalline state organic photoreactions have been reported so far in which several examples date a hundred years back. Among these reactions [2+2] photocyclodimerization of olefinic derivative crystals is the most commonly encountered reaction. For example, the photodimerization of cinnamic acid crystals was reported by Lieberman in 1889 (ref. 1) , and in 1943, formation of ct-truxillic and -truxinic acids from two types of cinnamic acid crystals was interpreted as a crystal lattice controlled reaction by Bernstein and Quimby (ref. 2) . In 1964, Schmidt and coworkers correlated the crystal structures of cinnamic acid and several other enone derivatives with the steric configurations of their photoproducts (ref.
3). The result established the topochemical concept in which the reaction tends to occur with a minimum of atomic and molecular motion. More concretely, the crystal structures of cinnamic derivatives were divided into three types: the a-type crystal in which the double bonds of neighboring molecu'es are arranged in parallel and make contact at a distance of 3.6-4.1 A across a center of symmetry the s-type, characterized by a lattice having one axial length of 3.9-4.1 A between translationally related molecules; and the y-type, in which no double bonds of neighboring molecules are within 4.7 A.
cr-type crystal hV 1179 s-type crystal h On photoirradiation of cinnamic derivatives, for example, an ct-type crystal gives a centrosymmetric dimer related to ct-truxillic derivative (T_dimer)*, s-type crystal gives a dimer of mirror symmetry related to -truxinic derivative (m-dimer), and a y-type crystal is photostable. The crystallographic studies revealed that the polymerization of DSP crystal followed the topochemical rule enunciated by Schmidt: intermolecular reactive double bonds in DSP crystal, are arranged in parallel at a distance of 3.939 across a center of symmetry (ct-type crystal). Furthermore, it was demonstrated that the unit cell of DSP crystal was strictly duplicated to that of poly-DSP crystal with retention of crystal symmetry during the reaction (ref. 5). The topochemical photopolymerization of DSP was the first example of an organic reaction in which crystal-to-crystal transformation was visualized; it was named four-center type photopolymerization. (Fig. 1 ).
The reaction readily affords a highly crystalline linear polymer quantitatively as long as the polymerization temperature is sufficiently low to maintain (a) the rigidity of reacting crystal lattice. Therefore, at the same On the other hand, the same crystal photodimerizes into amorphous m-dimer in the absence of water. In both reactions, the final yield is nearly quantitative.
In the crystal of l,4-dicinnamoylbenzene (2), the distance between the intermolecular photoadductive carbons 0are 3.973 and 4.086 A for one cyclobutane ring, and 3.903 and 3.955 A for the other. The two topochemical pathways may occur competitively in a single crystal of 2 at the initial stage of reaction. Then, both intramolecular photocyclodimerization and intermolecular photopolymerization of diolefinic mono-cyclobutane intermediate (3) occurs competitively to give tricyclic dimer 21,22,23,24-tetraphenyl-l,4,ll,l4-tetraoxo-2(13),l2(l3)-diethano [4.4] paracyclophene (4) or oligomers. The formation of a S-type cyclobutane ring, which was confirmed by NMR analysis and by crystal structure of 2, is extremely rare in the crystalline state reaction; only one example has been previously reported on l,l'-(tri-methylene) bisthymine (ref. 25). However, the photodimerization of 2 is the first report in which s-type cyclobutane deriverative is produced
topochemically, isolated in a preparative scale and identified. For example, on the photoirradiation of crystal 2 at room temperature gives >90 % of 4 (isolated in 58 % yield after reprecipitation) and a small amount of oligomers.
Recent studies of the photochemical behavior of unsymmetric diolef in crystals have revealed several more deviations from the topochemical principle concerned with distance and the parallelism of double bonds described in following section.
TOPOCHEMICAL BEHAVIOUR OF UNSYMMETRIC DIOLEFIN CRYSTALS
Linear polymers derived from ct-type crystal of unsymmetric diolefins have a "hetero-adduct" or "homo-adduct" structure, as will be shown below.
One of the famous examples of hetero-adduct photoproducts is optically active oligomeric substances, which have been prepared through crystallization of achiral unsymmetric diolefin into a chiral crystal, followed by the fourcenter type photopolymerization (ref. 10).
Recently we have prepared and identified a great numer of unsymmetrically substituted photoreactive diolef in crystals with a general formula represented as (I)-(V), where R and R' in groups (I) and (II) represent either hydrogen, methyl, ethyl or phenyl. In group (III) and (IV), X is hydrogen or cyano group, and Y represents either cyano, alkoxycarbonyl or benzoyl groups. R in group (V), which is unsymmetric DSP, is either alkoxycarbonyl or chlorine.
These crystals prepared so far show a prominent photoreactivity with a few exceptions. Several crystals are extremely highly photoreactive and, on photoirradiation, are converted into crystalline or amorphous high polymers with 1,3-trans cyclobutane ring in the main chain, or into photostable dimers.
For example, methyl 4-[2-(2-pyrazyl)ethenyl}cinnamate (IV, X is hydrogen and Y is methoxycarbonyl) crystal gives a linear high polymer crystal (flinh 8.2 dL/g, 0.3 g/dL in 2-hexafloropropanol at 30 °C) on photoirradiation by a 100 W high-pressure mercury lamp for 5 h, or ever under sunlight for a day. Unsymmetric DSP crystal (V, R is methoxycarbonyl) gives a crystalline linear high polymer (inh 1.3 dL/g, 0.30 g/dL in 2-hexafloropropanol at 30 °C) quantitatively on the photoirradiation. Even in the reactions which give amorphous products, the topochemical control is obvious because a single configuration of cyclobutane is formed exclusively in all the resulting products.
Homo-adduct a Examples of heteroadduct photoproduct
A linear high polymer and a photostable dimer have been prepared from ctand -type packing crystals, respectively.
From spectroscopic and crystallographic analysis, it is concluded that on irradiation, the crystal of methyl 4-[2-(4-pyridyl)ethenyl}cinnamate (5), (III, 4-pyridyl, X is hydrogen and Y is methoxycabonyl) gives an amorphous heteroadduct polymer 6 in which a cyclobutane ring has the 1,3-trans configuration. The polymer is soluble in N,N-dimethylformamide, dimethylsulfoxide and strong acids such as concentrated hydrochloric acid (Tinh 0.47 c1L/g, 0.30 g/dL in m-cresol at 30 °C), indicating the electrolyte character of the polymer.
The crystal structure of 5 viewed along the a axis is shown in Fig. 2 (ref.  14(b) ). The intermolecular reactiye double bonds, separated by 4.023 (9) A for C(7)C(l4) and 4.097(1) A for C(8)C(l3), are nonparallel, while these distances are within those of normal reactive bonds. The 1-dimer-type racemic structure of 6 coincides with the structure of the topochemical photoproduct derived from 5, as the molecules are related to centrosymmetry and as the molecular columns are aligned in alternating directions in the crystal.
N3-CH=CH-Q-
The crystal of methyl ct-cyano-4-[2-(2-pyridyl)ethenyl]cinnamate (7) (III, 2-pyridyl, X is cyano and Y is methoxycarbonyl) is highly reactive, but, on photoirradiation, gives a photostable amorphous dimer (8) quantitatively.
As is illustrated in Fig. 3 (ref. l4(c) , in the crystal 7 the reactive0 double bonds, separated by 3.886 (7) A for C(7)C(l5') and 3.807 (7) A for C(8)C(l6'), are non-parallel, while these distances are within those of normal reactive bonds. Other distances of intermolecular olefin bonds are 4.926 (7) for C(7) C(l5") and 4.719 (6) A for C(7)'C(8"). As residual pair of double bonds will be rearranged far beyond the photoreactive distance in the dimer crystal, highly photostable behavior of the dimer 8 is reasonable. As the center of symmetry exists between two monomer molecules arranged in s-form, and as two pairs of double bonds in the monomer should be equivalent in reactivity, either enanthiomers are formed with the same probability.
b Examples of homo-adduct photoproduct
The crystals which afford the homo-adduct products, have generally two pairs of double bonds with different topochemical reactivity. Therefore, these crystals generally afford a single type of the dimers. The resultant dimers are photoreactive to give the high polymer on further photoirradiation, or are photostable.
Ethyl methyl 1,4-phenylenediacrylate (9), (I, R and R' are ethyl and methyl, respectively) photopolymerizes into a linear polymer (11) in the crystalline state. However, a large amount of dimer (10) olefins of methyl cinnamate groups in 9 is reasonably explained only by different topochemical circumstances between ethyl and methyl cinnamate groups. Both 10 crystals, as-prepared and recrystallized from methanol, are photoreactive. In the 9 crystal the molecules are arranged in parallel and related to the centr of symmetry. The distances of intermolecular double bonds are 3.821 (6) A between two methyl cinnamate groups (A in Fig. 4 ) and 4.917 (6) A between two ethyl cinnamate groups (B in Fig. 4) , respectively. The distance between double bonds of ethyl and methyl cinnamate groups is approximately 6 A (C in Fig. 4 
) (ref. 26).
From the crystal structure of 9 exclusive formation of 10 from 9 in the crystal is reasonably understood, although the distance between reactive double bonds of ethyl cinnamates in 10 has not yet been established.
Alkyl cz-cyano-4-[2-(4-pyridyl)ethenyl] ciannamate (III, X is cyano and Y is alkoxycarbonyl, where alkyl is one of methyl, ethyl or n-propyl) shows a great variety of photochemical behavior in the crystalline state, depending on its alkyl species or recrystallizing solvents. Topochemical behavior of the ethyl ester (12) is similar to that of 9: only one type of photoreactive dimer (13) As the former distance is within the conventional reactive one, while the latter is longer than the reactive one, the dimerization occurs exclusively between the former double bonds.
In consequence, 12 gives a linear homo adduct polymer 14 via the acdumulation of the photoreactive dimer 13.
No growing species having odd-numbered degree of polymerization, such as trimer or pentamer, have been detected at all in GPC curves at intermediate stages of reaction, as is illustrated in Fig. 6 .
The GPC study indicates that the monomer 12 reacts only with other monomer and then all the reacting species have evennumbered degree of polymerization during the stepwise topochemical process.
"Even-numbered Polymerization Mechanism"
M+M hv
In addition, in the even-numbered polymerization mechanism, all the reactive species in crystal 12 should have pyridyl ethenyl groups at growing terminal. In contrast to the reaction of 12, the GPC curve in the topochemical reaction of 9 shows a small but definite peak of trimer, indicating the reaction between 9 and 10 in the crystal. 13 Recrystallized from ethanol, exhibits essentially the same crystal diffraction pattern with the crystal 13 asprepared, but photoirradiation, gives a higher-molecular-weight polymer, 14
(riinh = 0.36 dL/g_ninh = 0.64 dL/g m-cresol, 30 °C).
From the same methyl ester monomer, the same type of homo adduct polymer as 14 is prepared, while the accumulated dimer has quite the reverse structure of cyclobutane in which pyridyl side olefins first dimerized.
The same n-propyl ester is as highly as photoreactive with 12, however, gives photostable dimer quantitatively. The dimer, recrystallized from ethyl acetate, shows essentially the same X-ray diffraction pattern with asprepared. On the other hand,' recrystallized from n-propanol, shows different pattern and polymerizes on photoirradiation, into the homo adduct polymer (inh 0.87 dL/g, CHC13 30 °C). can be prepared. polymeri zation mechanism". Most of the polymers prepared by four-center type photopolymerization, are easily depolymerized photochemically and thermally in solution to the corresponding monomers, as is to be expected from the ring-cleavage reaction of a number of cyclobutane derivatives yielding two olef ins (ref. 28, 29) . One of the exceptional, anomalous examples is the degradation of poly-DSP. Anomalous poly-DSP is rapidly photooxidized in the air upon exposure to sunlight and produces nitrile derivatives, together with products containing carbonyl and hydroxyl groups, suggesting the degradation of the pyrazine ring (ref. 30) . The structural trigger of the photooxidation has not yet been characterized, although a great effect of acidic media on the nitrile formation has been recognized. Several recent articles deal with the application of these unsymmetric crystals to LB-film techniques (ref. 31) and to the non-linear optics (ref. 32 ).
The correlation of the crystal structure of starting compounds with their chemical structures is very subtle; in addition, these crystal structures, which in turn influence topochemical reactivity, are, in some cases, variable with the crystallization process and with the recrystallizing solvents used. Further studies of the relation between chemical structure and topochemical reactivity, are required to reveal the whole shape of the crystal engineering concept. 
